Multistage axial compressor is one of the key components in aero engines and gas turbines. In this paper, a five-stage axial compressor was studied to improve the efficiency. First, the loss analyses of the datum compressor were performed. The results showed that front rotors and rear stators have higher loss. Based on the loss analyses, the corresponding flow controls were introduced. The endwall treatment was performed with the rear stators, S3, S4, and S5, by end-bow, which changed the blade loading and reduced the loss due to endwall boundary layer. The efficiency of the datum compressor was increased by 0.5%. Based on the improved redesign of rear stators, shock control was introduced to front rotors, R1 and R2, characterized by sweep, which changed the shock structure and decreased the shock-induced loss and shock-tip leakage interaction. Coupled between endwall treatment and shock control, compared to the datum compressor, the efficiency, peak pressure ratio, and choked mass flow were increased by 1.1%, 1.1%, and 1.2%, respectively. At off-design speeds, the performances were also improved, which implies the flow controls for design speed remain effective in a range of off-design speeds. The reliability of the redesigned compressor was validated by stress and mode analyses.
Introduction
The multistage axial compressor is one of the key components in aero engines and gas turbines. Efficiency is probably the most important parameter for compressors, which significantly affects the performance of aero engines and gas turbines. However, designing multistage axial compressors is notably difficult because the high adverse pressure gradient, three-dimensionality and unsteadiness make the flow notably complex, which in turn affects the overall performance and matching of stages in multistage compressors.
Decreasing the loss and increasing the performance of multistage compressors are key issues. The loss sources of a compressor are mainly blade profile, endwall boundary layer, tip leakage flow, shock, and secondary flow. Denton 1 classified the losses into profile loss, endwall loss, and tip leakage loss and pointed out that in most turbomachines these three types contribute to nearly the entire loss with identical magnitudes: each type accounts for approximately one-third of the total loss. To increase the efficiency of multistage compressors, much effort has been taken to understand the flow mechanisms and accordingly decrease the loss as much as possible.
The high loss regions in multistage compressors are endwall regions and tip clearance regions. 2 The losses here are mainly due to the endwall boundary layers and blockage. Prato et al. 3 presented a comprehensive investigation of the three-dimensional flow in a multistage axial flow compressor. The results indicated that major blockage in the stator hub endwall is caused by leakage flow and its possible subsequent roll-up into a vortex. Cumpsty 4 tested with a small four-stage axial compressor and suggested that it is tip clearance that is the most potent in determining the endwall boundary layer thicknesses and the corresponding blockage. This means tip clearance plays a key role for the losses of compressors. Gourdain et al. 5 found that in multistage axial compressors, an increase of the radial tip clearance leads to a dramatic reduction of operability (by 20%), pressure ratio, and efficiency.
Berdanier and Key 6, 7 conducted a detailed experiment on a multistage axial compressor with different tip clearances and found tip clearance has different influences on different stages through its influence on tip leakage flow trajectories. A detailed investigation concerning the effect of tip clearance and blockage on the matching of multistage axial compressors as well as on the performance and stability was done by Domercq and Escuret, 8 and this was further validated by Yang et al. 9 and Zheng et al. 10 Shock is another important loss source of transonic compressors. However, shock itself does not induce high loss, it is the interaction between shock and boundary layer/tip leakage flow that matters. 1 The results by Atki and Squire 11 showed that the shock will make the boundary layer separate completely after the Mach number reaches 1.40. The mixing between the separated boundary layer and free stream will lead to considerable loss. A detailed research of shock-tip leakage interaction and its influence on stability was given by Hofmann and Ballmann. 12 Puterbaugh and Brendel 13 showed that the interaction between the shock and the tip leakage flow is fundamentally the result of the change in momentum brought about by the shock-induced pressure rise. Biollo and Benini 14 changed the threedimensional features of the blade and found the loss decreased because the changed shock structure has a positive impact on the shock-tip leakage interaction.
During the past decades, based on the flow mechanisms many advances and flow controls have been implemented to the compressors to increase the efficiency and stability, 15 such as three-dimensional shaped bladings, 16 casing treatment, 17 air injection and bleeding, [18] [19] [20] etc. The endwall treatment is one of the most effective measures, which is used to control the endwall boundary layer and can change the flow angle in endwall regions. Wang et al. 21 used the radial equilibrium function to explain the endwall treatment mechanism. Different from Wang et al., 21 Weingold et al. 22 proposed the ''lift line model'' to understand the effect of endwall treatment. Overall, the endwall treatment provides access to the rapid reduction of the blade force local to the endwall at the expense of the increased blade force at mid-span. The unloading effect can also be used to reduce the effects of the secondary flow. Endwall treatment was used by different researchers and got considerable benefits. Freeman 23 modified the angle distribution of stators in a six-stage axial compressor and obtained a 1% increase in efficiency at the design point. Wang et al. 24 redesigned the stators in a two-stage axial compressor with recambering, which resulted in the increase of the isentropic efficiency and the total pressure ratio of the compressor near design condition. Li et al. 25 used end-bend for stators in a five-stage axial compressor and increased the efficiency by 0.39% at the design point.
Sweep is an effective measure to control the shock of compressors and increase the performance. In addition, the sweep can affect endwall flow, secondary flow, and tip leakage flow. Denton and Xu 26 studied the effect of sweep on blade loading and found the reduction in leading edge loading and the movement of the peak suction point away from the leading edge, which resulted in a more tolerant leading edge to changes in incidence. Passrucker et al. 27 found that the rotor with forward sweep has an increased efficiency and also a much better stall margin than the radially stacked rotor because the forward sweep diverts the flow towards the blade tip region which helps to stabilize this region. Bergner et al. 28 found that the forward swept rotor features a reduced tip clearance vortex, a pronounced shock inclination and an oblique shock front above 50% span, which apparently improved the shock structure, and with an increased chord length at the blade tip, it helps to improve the stall margin; and this was further validated by Benini and Biollo. 16 Yamaguchi et al. 29 proposed that sweep could reduce the accumulation of low-momentum fluid near the endwall through the change in secondary flow. Okui et al. 30 optimized Rotor 67 with forward sweep to control the shock waves and the peak efficiency was increased by 0.3% with the same stall margin. Gallimore et al. 31, 32 redesigned rotors 3 to 6 of a six-stage axial compressor to have swept hub sections with some leading edge re-camber, which reduces the reverse flow near the hub and the tip loss, and achieves an 0.2% increase in peak efficiency.
Increasing the performance of compressors is the key goal for designers. This paper will show a detailed study on a five-stage axial compressor to increase its efficiency with effective flow controls. Previous authors are mainly focused on a single stage or a specific stage in a multistage axial compressor; however, this paper will give a thorough improved redesign for each stage of a five-stage axial compressor with different flow controls. The loss analyses of the datum compressor were first performed to determine the orientation for the following flow controls. The endwall treatment and shock control were introduced to the stators and rotors, respectively. Then, a large amount of work on improved redesigns has been performed with both stators and rotors to improve the flow in a wide range of operating conditions. Moreover, the stresses and modes of the blades were simultaneously considered to ensure the reliability. This paper can be a preferable option for designers to control the flow and improve the performance of multistage axial compressors.
Numerical method
The datum compressor is a five-stage axial compressor with an inlet guide vane (IGV), unshrouded rotors (R), and cantilevered stators (S). The stagger of the IGV and the first two stators can be adjusted according to the rotational speed, which is used to match the incidence at different rotational speeds. A schematic diagram of the compressor is shown in Figure 1 . Key features of the datum compressor at design point are shown in Table 1 .
A full three-dimensional simulation was performed with CFX. The fluid is considered as ideal air. The control equations of compressible fluid are shown below
where is the density, u is the velocity, p is the static pressure, is the viscous stress tensor, e is the internal energy, is the thermal conductivity and equals to 0.023 W/(mÁK), and T is the static temperature. To make the equation closed, some other equations should be added
where ¼ 1:79 Â 10 À5 Pa Á s is the viscosity, I is the unit tensor, E is the strain rate tensor, R g ¼0.287 kJ/(kgÁK) is the gas constant, c v ¼0.717 kJ/(kgÁK) is the specific heat, and ¼ 1:4 is isentropic coefficient.
Structured grids were meshed by TurboGrid with H-grid in the passage and tip area and O-grid around the blade, as shown in Figure 2 . The distance of the first element near the wall was set to be 0.001 mm, which could ensure the nondimensional distance from the wall (Yþ) to be within 5.0. The secondorder upwind scheme was used for the spatial discretization. The fourth-order Runge-Kutta scheme was used for time advancement. The shear stress transport (SST) turbulent model was used for all computations, which better predicts adverse pressure gradient flows. 33 The total temperature (288.15 K), total pressure (101,325 Pa), and velocity direction (normal to the inlet) were imposed as the inlet boundary conditions; the static pressure was set as the outlet boundary condition. No-slip and impermeability conditions were imposed on solid walls. The convergence criterion was set to be the residual mean square (RMS) less than 1.0 Â 10 -6 . The performance of the compressor can be obtained by increasing the outlet static pressure until the solution cannot converge.
Mesh independence was conducted with different mesh sizes of 1-11 million elements, as shown in Figure 3 . The operating points in Figure 3 are near peak-efficiency points with identical back pressure. As the mesh size increases, the mass flow, pressure ratio, and efficiency also increase. After the mesh size reaches 7 million elements, the performance remains almost constant.
The grid convergence was analyzed with the method discussed by Roache. 34 The Richardson extrapolation can be used to get the approximation to the exact continuum solution with discrete solutions on different grid levels, which can be used to evaluate the errors of discrete solutions. The discrete solutions f k on mesh level k are assumed to have a series representation, in the grid spacing h k , of
where f exact is the continuum solution, g 1 , g 2 , and so on are defined in the continuum and do not depend on any discretization. For a second-order method, g 1 ¼ 0, and this is the case used in this paper. Then the idea is to combine two separate discrete solutions, f 1 and f 2 , on two different grids with (uniform) discrete spacings of h 1 (fine grid) and h 2 (coarse grid), so as to eliminate the leading-order error terms in the assumed error expansion. The equation can be transferred to Using the grid refinement ratio r ¼ h 2 /h 1 , this result can be conveniently expressed in terms of a correction to the fine-grid solution f 1
It is often stated that equation (8) is fourth-order accurate if f 1 and f 2 are second-order accurate. Then the grid convergence error of the discrete solution can be written as
Based on Figure 3 , f exact can be estimated with the two finest grid solutions by equation (8) . The grid convergence errors of pressure ratio, mass flow, and efficiency can be calculated by equation (9) . The grid convergence errors of different mesh sizes are shown in Figure 4 . When the mesh size is 7 million elements, the grid convergence errors of pressure ratio, mass flow, and efficiency are about 0.016%, 0.36%, and 0.31%, respectively. Considering both computational capability and accuracy, the selected mesh size is 7 million elements.
To further validate the numerical method, an experiment was implemented with the datum fivestage compressor. The detailed description of the experiment can be found in another paper by the authors. 35 The results at design speed are shown in experimental and numerical results are approximately 0.1% in choked mass flow, 1.4% in peak pressure ratio, and 1.1% in peak efficiency. The differences can be mainly attributed to two reasons. First is that, the real clearances may be different from that in CFD simulations. Another is due to the heat transfer of shroud in experiment while it is adiabatic in numerical results. Nevertheless, the numerical method can be applied to this study.
Results and analyses Loss analyses of the datum compressor
The performance map calculated by the three-dimensional steady simulation at 95%, 100%, and 105% of the design speed is shown in Figure 6 , where the pressure ratio and mass flow were normalized by the peak pressure ratio and choked mass flow at design speed. Points A, B, and C in Figure 6 (a) represent three typical operating conditions: near-choke (NC), peakefficiency (PE), and near-surge (NS), respectively, which will be analyzed in the following part. The peak-efficiency point of the design speed is the design point (B2 in Figure 6 ). This paper uses entropy generation to analyze the loss, which is defined as the ''efficiency loss coefficient''
where Ás is the entropy creation between the inlet and the outlet, and h o1 is the total enthalpy at the inlet. T 2 is the static temperature, and h o2 is the total enthalpy at the outlet. Virtually the term T 2 Ás is a reasonable approximation of the integral of Tds over the compressor. Considering the definition of isentropic efficiency
Thus, this paper defines the parameter as the ''efficiency loss coefficient''. For ideal gas, the entropy creation and efficiency loss coefficient can be calculated as follows
ð Þ ð13Þ Figure 7 shows the schematic of a typical stage and different locations. To compare the losses of the rotor and stator in an identical manner, the efficiency loss coefficients of the rotor and stator are
At design speed. At design speed, three typical operating conditions are analyzed in detail: near-choke condition (A2), peak-efficiency condition (B2, design point), and near-surge condition (C2), as shown in Figure 6 . The efficiency loss coefficient of each blade row was calculated with the mass flow averaged parameters at the entire rotor-stator interface as shown in Figure 8 . The front rotors have higher losses than Figure 9 . Entropy in meridional plane at peak-efficiency point. the embedded rotors, which remains almost constant with an exception of R5 at near-choke condition. The reason is that at near-choke condition, both R5 and S5 have large negative incidences, which tend to cause choke. In multistage axial compressors, the front rotor always has high Mach number and blade loading, which causes high loss. Embedded rotors have lower Mach number and better hub-tip ratio to achieve higher efficiency. Figure 8 also shows that at near-surge condition, the rotors have higher losses than at near-choke and peak-efficiency conditions. At near-surge condition, the incidences of the rotors become larger and cause larger separation and higher loss. However, for stators, the losses increase from the front stage to the rear stage mainly because of the accumulation of endwall boundary layers and the corresponding blockage, which can be seen from the increasing portion of high entropy region near hub and shroud endwall regions as shown in Figure 9 . This was investigated in detail by the authors in another paper. 35 In front stage, the loss in rotor is higher than that in stator, whereas in the middle stage, they have identical magnitudes. In rear stage, the loss in stator is higher than that in rotor. Thus, while designing multistage axial compressors, more attention should be paid to front rotors and rear stators to achieve high performance.
At off-design speed. Two off-design speeds are also simulated and analyzed, which are 95% and 105% of the design speed. The efficiency loss coefficients at peak-efficiency points are shown in Figure 10 . The overall trend is that the efficiency loss coefficients increase with the increase of rotational speed. With different rotational speeds, both rotor and stator loss coefficient variations become increasingly Comparing Figures 8 and 10 , when designing multistage axial compressors, the front stage's rotor and the rear stage's stator are significantly important to the performance of the compressor. For front rotors, the Mach number is high, which causes high shock-induced loss and shock-tip leakage interaction. However, for rear stators, the high loss is mainly due to the accumulation of endwall boundary layers and the corresponding blockage. The blade profiles of front rotors should be well considered to alleviate the passage shock and tip leakage flow. For rear stators, the endwall treatment (such as end-bend, end-bow, etc.) could be used to improve the flow in endwall regions.
Flow control of the datum compressor
Endwall treatment for stators. Based on the loss analyses, the losses of rear stators are much higher, which is mainly caused by the endwall boundary layers. The end-bow treatment for S3, S4, and S5 was introduced to improve the flow in endwall regions. This improved redesign is named as ''Improved_I''. The blade profiles of the datum compressor and Improved_I are shown in Figure 11 . Figure 12 shows the performance maps of the datum compressor and Improved_I at design speed. Compared to the datum compressor, the efficiency of Improved_I is increased by 0.5%. However, the pressure ratio and mass flow remain almost constant.
At peak-efficiency points, the efficiency loss coefficients of the datum compressor and Improved_I are analyzed, as shown in Figure 13 . The losses of S3, S4, and S5 significantly decrease after the end-bow is introduced. Moreover, because of the improvement of upstream stators, the losses of R4 and R5 also decrease. Figure 14 shows the streamlines on suction surfaces and iso-surface of the velocity (-1 m/s) of S3, S4, and S5. The iso-surface of velocity is used to show separated regions. Separations can be found in the endwall regions of datum stators, particularly for S5 in the hub corner, which results in notably high loss. However, for Improved_I, the flow is improved, and the separated regions near endwall due to endwall boundary layers are suppressed with bowed stators.
S5 was examined to elucidate the mechanisms of bowed stators (For S3 and S4, the mechanisms are the same with S5). The following analyses only focus on peak-efficiency point. Figure 15 shows the blade loadings at different spans of S5. With bowed stators, the static pressure on the suction surface at mid-span is much smaller than that near the hub and shroud regions. This pressure difference results in a pressure gradient that drives the low energy fluid in endwall regions to mid-span areas. 21 Accordingly, the accumulation of endwall boundary layer is reduced, and the separations and blockage in endwall regions are suppressed. At 5% span, the static pressure on suction surface of the datum stator remains almost constant, which suggests that separation has occurred here, and the stator fails to raise the pressure. However, with bowed stator, the pressure distribution on suction surface improves, and the separation decreases. At 50% span, the blade loading obviously increases with bowed stator, which is an inevitable result of bowed stator. There is a trade-off between the improved endwall region flows and the degraded mid-span flows. 36 Because of the high performance at mid-span area, the increasing blade loading does not deteriorate the flow. However, if the dihedral angle is too large, it will cause large separation in mid-span area. At 95% span, separations are small, although the flow improves with bowed stators, the blade loading does not significantly change. Figure 16 shows the total pressure distribution at S5 outlet. Compared to the datum stator, the low-pressure area near hub-suction corner of Improved_I significantly decreases. In addition, the total pressure distribution becomes more uniform, and the loss decreases accordingly.
Shock control for rotors. From the loss analyses, the front rotors have higher losses. The blade profiles of front rotors should be carefully considered to alleviate the passage shock and tip leakage flow to decrease the loss. Based on Improved_I, the chord, thickness and angle distribution of R1 and R2 are modified accordingly, which makes the blades characterized by sweep. This improved redesign is named as ''Improved_II''. The blade profiles of the datum compressor and Improved_II are shown in Figure 17 . Figure 18 shows the performance maps of the datum compressor, Improved_I and Improved_II at design speed. Compared to the datum compressor, the efficiency of Improved_II is increased by 1.1%, the peak pressure ratio is increased by 1.1%, and the choked mass flow is increased by 1.2%. Figure 19 compares the efficiency loss coefficients of datum compressor, Improved_I and Improved_II at peak-efficiency points. The losses of R1 and R2 decrease obviously, which causes further performance improvement of downstream blades compared to Improved_I. The efficiency distribution along spanwise direction of R1 and R2 is shown in Figure 20 . For R1, the efficiency increases at span higher than 30%. For R2, the efficiency significantly increases in 10-85% span. Figure 19 . Efficiency loss coefficients of the datum compressor, Improved_I, and Improved_II at peak-efficiency points.
The efficiency of redesigned rotor blades is strongly related to the shocks. However, the shock intensity should decrease from R1 to downstream rotors. Therefore, the following study is conducted on R1 and only focuses on peak-efficiency point. Figure 21 shows the blade loadings at different spans of R1. At 5% span, the blade loading remains almost constant for datum and Improved_II. However, at 50% span, the shock moves backward to the trailing edge. As the shock moves downstream, the interaction between the shock and the blade boundary layer takes place later and accordingly a delayed separation on the blade suction side occurs. Therefore, the size of the blockage near the blade trailing edge reduces. 37 Meanwhile, the mixing loss between free stream and shock-induced boundary layer separation decreases. At 95% span, the shock near pressure surface weakens; accordingly, the interaction between shock and tip leakage flow decreases, which indicates lower loss. Figure 22 shows the Mach number contours at different spans of R1. At 5% span, the contours are almost identical for datum and Improved_II. At 50% span, the location and structure of the shock both change. The S-shaped shock can effectively reduce the shock-induced loss. Furthermore, at 95% span, it can also be clearly seen that the shock near pressure surface weakens and reduces the loss.
The interaction between shock and tip leakage flow is an important source of loss. The entropy contour at 99% span of R1 is shown in Figure 23 , where the high-entropy region indicates the loss caused by shock-tip leakage flow interaction. Because of the changes in blade loadings and shock structure, this source of loss significantly decreases and results in high performance of R1 in Improved_II.
Off-design speeds analyses. The performance maps of the datum compressor, Improved_I and Improved_II at different rotational speeds are shown in Figure 24 . At off-design speeds, the performances vary in an identical manner with that at design speed, which implies that the redesigns of datum compressor at design speed remain effective at a range of offdesign speeds. Within the investigated rotational speeds, compared to the datum compressor, Improved_I increases 0.5-0.6% in peak efficiency and remains almost the same in choked mass flow and peak pressure ratio. However, for Improved_II, the peak efficiency is increased by 0.7-1.1%, the choked mass flow is increased by 1.1-1.3%, and the peak pressure ratio is increased by 0.7-1.6%.
Stress and mode analyses. In Improved_II, the stress and mode analyses are performed with R1 and R2 to ensure the reliability. With centrifugal load at design speed, the maximum stress values of datum R1 and R2 are 782 MPa and 717 MPa, respectively. However, for Improved_II, they are 728 MPa and 671 MPa. Improved_II has better stress than the datum compressor. Furthermore, the blade deformations in different directions and frequencies are shown in Tables 2 and 3 . The redesigned compressor is similar or better in blade deformations and frequencies than the datum compressor.
Conclusions and remarks
As a key component of aero engines and gas turbines, the multistage axial compressor is characterized by complicated flow mechanisms and designing difficulties, which makes it a bottleneck that restricts the development of aero engines and gas turbines. The efficiency of compressor is notably important to the overall performance. Although previous authors have proposed the flow controls for compressors, this paper performed a specific effort to show how to thoroughly redesign a multistage axial compressor with proper flow controls for different stages and this can be a preferable option for designers. This paper shows a detailed study of a five-stage axial compressor to increase the efficiency. Based on the loss analyses, different flow controls were performed with both rotors and stators. The stress and mode of the compressor were also considered during the research. The following conclusions are drawn:
1. In multistage axial compressors, front rotors and rear stators have higher loss. For front rotors, the Mach number is high, which causes high shockinduced loss and shock-tip leakage interaction. However, for rear stators, the high loss is mainly due to the accumulation of endwall boundary layers and the corresponding blockage. Thus, front rotors and rear stators should be carefully considered while designing multistage axial compressors, particularly the blade profiles of front rotors to reduce the shock-induced loss and hub endwall treatment of rear stators to reduce the endwall loss. 2. Based on the loss analyses, the endwall treatment was selected for stators and it showed considerable potential in this paper. The efficiency of the datum compressor is improved by 0.5% with end-bowed stators (S3, S4, and S5). The bowed stator changes the blade loading and generates a pressure gradient, which drives the low energy fluid in the endwall region to free stream. Accordingly, the accumulation of the endwall boundary layer and corresponding blockage are reduced, and the separations in the endwall regions are suppressed. 3. Furthermore, the shock control is used for rotors and it also achieves considerable efficiency benefits. The efficiency is improved by 0.6% due to the implementation of shock control for front rotors (R1 and R2). It is because the changes of the blade loading and shock structure that decreases the shock-induced loss and shock-tip leakage interaction. Coupled between endwall treatment and shock control, compared to the datum compressor, the efficiency, peak pressure ratio and choked mass flow are increased by 1.1%, 1.1%, and 1.2%, respectively. 4. Compared to previous authors, this paper considered a wide range of operating conditions. Moreover, the stress and mode were also considered. The endwall treatment and shock control for design speed remain effective in a range of offdesign speeds. The reliability of the redesigned compressor was validated by stress and mode analyses, which shows that the redesigned compressor has better stress than the datum compressor, and the mode is almost identical.
This paper showed successful improved redesigns of a multistage axial compressor with the use of endwall treatment and shock control in a wide range of operating conditions under the guarantee of both stress and mode simultaneously.
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